Various experiments suggest that time-reversal symmetry (T ) is broken spontaneously in some of the high-T C cuprate superconductors.
bilayer models, there may be two types of flux phase, i.e., the directions of the flux in two layers are the same or opposite. When the latter state arises, the magnetic fields generated in two layers cancel each other.
We consider the bilayer t − J model on a square lattice whose Hamiltonian is given by H = H 1 + H 2 + H ⊥ with (1)
where the transfer integrals (in plane) t jℓ are finite for the first-(t), second-(t ′ ), and third-nearest-neighbor bonds (t ′′ ), or zero otherwise. J (J ⊥ ) is the intraplane (interplane) antiferromagnetic superexchange interaction, and j, ℓ denotes nearest-neighbor bonds. The interplane transfer integrals t ⊥ jℓ are chosen to reproduce the dispersion in k space, 19) t
, and third-nearest-nearest-neighbor bonds (t
jσ is the electron operator for the i-th layer (i = 1, 2) in Fock space without double occupancy. We treat this condition using the slave-boson MF theory. 10, 11, 14, [20] [21] [22] Although the bosons are not condensed in purely two-dimensional systems at a finite temperature (T ), they are almost condensed at a low T (i.e., T < 3J/16 where the flux phase may occur) and for finite carrier doping (δ 0.05). Then, we treat them as Bose-condensed. (For a small δ, the absence of Bose condensation may lead to a flux phase as a stable solution. 14, 16) ) This procedure amounts to renormalizing the transfer integrals by multiplying δ (δ being the doping rate), e.g., t → tδ, etc., and rewritingc jσ as f jσ . In a qualitative sense, this approach is equivalent to the renormalized mean-field theory of Zhang et al.
23) (Gutzwiller approximation).
We decouple the Hamiltonian by dividing the system into two sublattices A and B.
The bond OPs may be complex numbers when the flux order occurs, and we define intralayer OPs as σ f
Here,x (ŷ) is a unit vector in the x (y)-direction (the lattice constant is taken to be unity), and x s and y s are real constants. For interlayer bonds, we define σ f
jσ ≡ x ⊥ s , with x ⊥ s being a real constant. Now we note that there are two ways of coupling the layers; a site in the A sublattice in one layer may be on top of a site in the A (or B) sublattice of the other layer. We call the former (latter) one as a type A (B) flux phase.
Energy eigenvalues are obtained by diagonalizing the Hamiltonian. They are given
for the type B flux phase, respectively, with α, β = ±. Here, Re ξ k = −(2tδ + 3Jx s /4)(cos k x + cos k y ),
where summation on k is taken over the region |k x |+|k y | ≤ π, and
with N being the total number of lattice sites within a plane. Self-consistency equations for the OPs and the chemical potential can be obtained by varying the free energy F M F , 10, 14) and we solve them numerically.
T F L corresponding to the YBCO system is shown in Fig. 1 . Here, the band parameters are chosen after Ref. 24 ; t/J = 2.5, t ′ /t = −0. the nesting condition for the Fermi surface is changed for a large δ, and then the incommensurate flux order, which is not taken into account in the present work, will be more favorable. For comparison, we also calculate the SC transition temperature T C , using the self-consistency equations Eqs. (12)- (14) in Ref. 24 . As seen, T C is always higher than T F L at any finite δ, so that the stable solution in the bulk is the SC state.
For comparison, we present the results for t Fig. 2 . T F L1 (T F L2 ) is that for t/J = 2.5 and t ′ = t ′′ = 0 (t/J = 2.5, t ′ /t = −0.3, and t ′′ /t = 0.15), and the corresponding SC transition temperature T C1 (T C2 ) is also shown. It is seen that δ c is larger than that in Ref. 11, i.e., δ c ∼ 0.11 (0.08) for t/J = 4 and t ′ = t ′′ = 0 (t/J = 4, t ′ /t = −1/5, and t ′ /t = 1/6, corresponding to the YBCO-type Fermi surface). This means that the larger J/t is mainly responsible for the larger δ c , although the bilayer couplings (and also t ′ and t ′′ ) may also affect it.
Near a (110) surface, the d face. 11) In the type B flux phase, the current on the different layers will flow in opposite directions, and the magnetic field generated by these currents would vanish macroscopically. This may explain why no magnetic field is observed in some experiments for the (110) surface of YBCO.
9)
In the single-layer model, the doping range where the flux phase exists is larger in inhomogeneous systems than in uniform systems, because the incommensurate order not taken into account in the latter is expected in the former. 11) We can expect that it is also the case in bilayer systems. Whether the transition from type B to A surface flux states (ı.e., appearance of the local magnetic field near the surface) indeed occurs with increasing δ will be examined by BdG calculations. The local density of states should also be investigated to determine whether the peak splitting of zero bias conductance without a macroscopic magnetic field may be possible. These problems will be studied separately.
